Abstract: A compact and low loss silicon-on-insulator rib waveguide 90° bend is designed and demonstrated. An interface realized by a trench filled with SU8 at the corner of a waveguide bend effectively reflects incoming light through total internal reflection (TIR). In order to accurately position the SU8-filled trench relative to the waveguide and reduce sidewall roughness of the interface, electron beam lithography (EBL) is employed while inductively coupled plasma reactive ion etching (ICP RIE) is used to achieve a vertical sidewall. The measured loss for TE polarization is 0.32 dB ± 0.02 dB/bend at a wavelength of 1.55 μm.
Introduction
Silicon-on-insulator (SOI) waveguides have received much attention as a platform for planar lightwave circuits (PLCs) in recent years because of their compatibility with complementary metal oxide semiconductor (CMOS) technologies and the possibility of combining PLCs and microelectronics on a single chip [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . Passive [1] [2] [3] [4] [5] [6] [7] [8] [9] and active [10] [11] [12] [13] [14] PLCs on SOI have been designed and demonstrated. Recently, the appearance of Raman-based lasers in SOI waveguides has increased the possibility of realizing fully integrated lasers, active and passive PLCs, and microelectronics [15, 16] .
Light in the silicon layer of SOI is naturally confined in the vertical direction because of the high index contrast between the bottom oxide layer, Si layer, and air. By removing part (rib) or all (channel) of the silicon layer around the waveguide core in the horizontal plane, SOI waveguides are realized. To maximize the level of integration of PLCs on a single SOI chip, compact and low loss SOI waveguide bends are required. The radius of curvature of a conventional waveguide bend is determined by the index contrast of the waveguide in the horizontal plane. For channel waveguides in which the index contrast in the horizontal plane is large, low loss waveguide bends with < 2 μm radius of curvature have been reported [4, 5] . However, in the case of rib waveguides, the refractive index difference in the horizontal plane is relatively small, and thus the radius of curvature for a conventional waveguide bend is much larger.
Single air interface bends for SOI rib waveguides have been reported [1-3] as a method of achieving compact bends in which light propagating in an input waveguide is reflected by an interface through total internal reflection (TIR) into an output waveguide. Tang et al. [1] reported an air trench turning mirror for a rib waveguide with a loss of less than 0.5 dB/bend formed using potassium hydroxide (KOH) wet chemical etching. However, direct measurement data is not presented. Lardenois et al. [2] used reactive ion etching (RIE) to realize an air trench for a rib waveguide bend. The measured loss is 1 dB/bend which is comparable to other results found in the literature for KOH etched bends [3] .
In this paper, we report a compact and low loss SOI rib waveguide 90° bend with a SU8-filled trench. The measured loss is 0.32 ± 0.02dB/bend. We employ electron beam lithography (EBL) to accurately position the trench interface relative to the input and output waveguides and to reduce the roughness of the interface. Inductively coupled plasma reactive ion etching (ICP RIE) is used to achieve an anisotropic trench etch with vertical sidewalls. We first present the design of the bend structure and discuss the SU8 interface position tolerance. Then we discuss the fabrication process and measurement results.
SOI rib waveguide bend design
As shown in Fig. 1(a) , our SOI rib waveguide has a silicon layer thickness of 0.75 μm, etch depth of 0.1 μm, and rib width of 1.6 μm. It supports only the fundamental TE polarization (electric field in the plane) mode at a wavelength of 1.55 μm. Therefore, bend design and measurement are performed only for TE polarization. Refractive indices of silicon and silicon dioxide used for a SOI rib waveguide design are 3.477 and 1.444, respectively. For the upper clad, we choose either air (n = 1.0) or SU8 (n = 1.57) depending on whether SU8 is used in the trenches or not. Fig. 1(b) shows the fundamental TE polarization mode calculated by FIMMWAVE (Photon Design) with a SU8 upper clad. We use the two dimensional (2-D) finite difference time domain (FDTD) method [17] with Berenger perfectly matched layer (PML) boundary conditions [18] to numerically calculate 2-D bend efficiencies. The SOI rib waveguide structure is approximated as a 2-D structure for these calculations. For an air upper cladding, the 2-D effective core and clad refractive indices are 3.370 and 3.340, while for a SU8 upper cladding they are 3.371 and 3.343, respectively.
A number of different bend geometries have been reported in the literatures, which are shown in Fig. 2 . We use 2-D FDTD simulation to determine which structure offers the most promise to achieve high bend efficiency. In each case we evaluate both air and SU8 for the upper clad and trench fill material. Because out-of-plane losses at the interface of a bend corner are not accounted for in 2-D FDTD simulation, we employ the perfect mirror model discussed in Ref. 19 to estimate the 3-D performance of each bend geometry. Since the perfect mirror model shows good agreement with the 3-D FDTD method [19] , it provides a simple way to calculate 3-D structure performance without the computational burden of doing actual 3-D FDTD calculations.
With the perfect mirror model, the bend efficiency, η , is calculated as
where D 2 η is the bend efficiency calculated by 2-D FDTD with a mode overlap integral (MOI) method (i.e., the ratio of the power in the guided mode in the output waveguide to the power in the incident guided mode) and FF Γ is the filling factor calculated as the ratio of the optical power confined in the silicon layer to the optical power of the fundamental mode:
The filling factors are calculated with FIMMWAVE. Table 1 shows calculation results for TE polarization for all 6 cases at λ = 1.55 μm. The trench position is fixed to be D = -70 nm for all cases (D is defined in Fig. 2(a) ) to account for the Goos-Hanchen shift. Note that there is very little difference in the bend efficiency between the different cases. Since the Si refractive index is so much higher than either air or SU8, the filling factor is nearly identical. The 2-D FDTD results show that given a particular fill material (air or SU8), the details of the waveguide corner structure make very little difference, although the SU8 fill is slightly better than air. The main advantage of the SU8 is that is protects the TIR interface from contaminants such as particulates that can spoil the TIR effect. Since the simulation results are all so close, we selected the simplest structure (Case 1) for fabrication. Figure 3(a) shows the magnitude squared time averaged magnetic field for this structure at a wavelength of 1.55 μm. The bend efficiency as a function of D is shown in Fig.  3(b) . The maximum bend efficiency is obtained at D = -70 nm because of the Goos-Hanchen shift. shows not only the best SU8 interface position to achieve the maximum bend efficiency but also the tolerance with respect to interface position. If the interface is misplaced more than ± 0.25 μm from the ideal position, the bend efficiency decreases to below 90 %. The positioning is therefore very important to achieve high efficiency bends for SOI rib waveguides.
Fabrication
We employ electron beam lithography (EBL) for fabricating low loss SOI rib waveguide bends. A LEO 1550 field emission scanning electron microscope (FESEM) with a nanometer pattern generation system (NPGS) (JC Nabity Lithography Systems) is used for EBL. Compared to optical lithography in an available contact mask aligner, EBL shows very high alignment accuracy and smoother sidewalls after patterning.
We first determine the alignment accuracy of EBL with the use of Vernier structures [20] . A typical EBL alignment test result is shown in Fig. 4 . Note that the EBL written patterns are well-centered on the matching substrate patterns. Since the difference in periods between the two is 40 nm, the alignment accuracy is somewhere below 40 nm, which is compatible with the required interface positioning tolerance to achieve high bend efficiency. Figure 5 shows the bend fabrication process flow. We start with a SOITEC SOI wafer with a 0.75 μm Si layer on a 3.0 μm oxide layer. Gold alignment marks for EBL alignment are optically patterned in the same patterning step as the SOI waveguide ribs for accurate alignment of the trenches relative to the waveguides. Cr is used as an adhesion layer for Au on the silicon surface. Optically patterned alignment marks are transferred to the Au and Cr layers by wet chemical etching. Then the SOI waveguide rib is defined by ICP RIE etching 0.1 μm of the silicon layer using a C 4 F 8 and SF 6 chemistry. Positive electron beam resist (ZEP 520A) is spun on top of the SOI rib waveguides and Au EBL alignment marks. After exposure, the EBL patterned trenches are then etched with ICP RIE to a depth of 0.75 μm using a C 4 F 8 and SF 6 chemistry. Finally, SU8 is spun on top to fill the air trenches and cover the surface. To measure the bend efficiency of SOI rib waveguide bends with SU8-filled trenches, we designed SOI rib waveguide bend structures with different numbers of bends (4, 8, 12, 16 , and 20 bends) while keeping the waveguide length the same. Figure 6 shows scanning electron microscope (SEM) images of SOI rib waveguide bends after the silicon etch to define the trenches and before SU8 spin coating. Figure 7 shows details of the interface sidewall roughness. We observe vertical sidewalls with only a small amount of roughness. Note also the roughness along the waveguide ribs, which are patterned with optical contact lithography. Comparing roughness along the waveguide rib and on the interface sidewall, we can see that EBL results in a smoother edge. Since all waveguides have the same length, scattering loss from the rib edge roughness of the waveguides doesn't affect our optical bend efficiency measurements. 
Experimental measurement and discussion
To measure optical power loss from a set of SOI rib waveguides with different numbers of bends, TE polarized light from a polarization maintaining (PM) fiber connected to a superluminescent light emitting diode (SLED) with a center wavelength of 1.55 μm is butt coupled to an input waveguide. A single mode fiber is butt coupled to the corresponding output waveguide. A Newport autoalign system is used to align the input fiber, device, and output fiber. The input and output fiber positions are optimized to maximize optical outputs by computer controlled three axis translation stages which have 50 nm movement resolution. Figure 8 shows the measured optical loss as a function of the number of bends in a waveguide. The measured bend loss is 0.32 ± 0.02 dB/bend (92.9 % bend efficiency) which is the lowest SOI rib waveguide 90° bend loss reported in the literature to the best of our knowledge. Since the maximum achievable calculated bend efficiency is 98.0 %, there is still some room for improvement, which most likely can be achieved by further reducing the interface sidewall roughness. 
Summary
Compact and low loss SOI rib waveguide 90° bends with SU8 filled trenches have been designed and experimentally demonstrated. Three different structures with an air or a SU8-filled trench are numerically simulated and compared to determine the final structure for fabrication. The perfect mirror model is employed to calculate the bend structure performance. EBL and ICP-RIE processes are used to fabricate the designed bends. With EBL, very accurate SU8 interface positioning relative to waveguides is accomplished and the roughness on the interface sidewall is reduced while vertical interface sidewalls are realized by ICP-RIE. Compact SOI rib waveguide bend loss is then experimentally measured. The bend loss is 0.32 ± 0.02 dB/bend (92.9 % bend efficiency) for TE polarization at λ = 1.55 μm which is the lowest loss of a SOI rib waveguide 90° bend reported in literature to the best of our knowledge.
